Abstract Previously regarded as the passive drains of watersheds, over the past 50 years, rivers have progressively been recognized as being actively connected with off-channel environments. These connections prolong physical storage and enhance reactive processing to alter water chemistry and downstream transport of materials and energy. Here we propose river corridor science as a concept that integrates downstream transport with lateral and vertical exchange across interfaces. Thus, the river corridor, rather than the wetted river channel itself, is an increasingly common unit of study. Main channel exchange with recirculating marginal waters, hyporheic exchange, bank storage, and overbank flow onto floodplains are all included under a broad continuum of interactions known as ''hydrologic exchange flows.'' Hydrologists, geomorphologists, geochemists, and aquatic and terrestrial ecologists are cooperating in studies that reveal the dynamic interactions among hydrologic exchange flows and consequences for water quality improvement, modulation of river metabolism, habitat provision for vegetation, fish, and wildlife, and other valued ecosystem services. The need for better integration of science and management is keenly felt, from testing effectiveness of stream restoration and riparian buffers all the way to reevaluating the definition of the waters of the United States to clarify the regulatory authority under the Clean Water Act. A major challenge for scientists is linking the small-scale physical drivers with their larger-scale fluvial and geomorphic context and ecological consequences. Although the fine scales of field and laboratory studies are best suited to identifying the fundamental physical and biological processes, that understanding must be successfully linked to cumulative effects at watershed to regional and continental scales.
Introduction
The measure of a river is one of the primary occupations of hydrology, and it comprises much more than the cross-section average width, depth, and velocity. Typical two-dimensional velocity-area-based measurements of river discharge do not capture the complex, three-dimensional flows of a river interacting with undulating banks, side cavities, low-lying riparian areas, and permeable sediments and floodplains lying far outside of the river's wetted width [Ward, 1989; Junk et al., 1989; Dunne et al., 1998; Knighton, 1998; Winter et al., 1998 ]. Together, these features (river channels, fluvial deposits, riparian zones, and floodplains) form an inseparable unit-the river corridor [National Research Council, 2002] . A river, after all, is not a pipe, and a complete picture of transport, storage, reaction, and biological productivity and diversity of river networks requires consideration of exchanges of relatively fast moving waters through the river's thalweg with the more slowly flowing surface and subsurface waters adjacent to and directly beneath the channel [Bencala, 1993; Stanford and Gonser, 1998 ].
River water moves in and out of the main channel along pathways that are perpendicular to the channel's main axis. These ''hydrologic exchange flows'' are difficult to measure [Boano et al., 2014; Kondolf and Piègay, 2003 ], yet quantifying fluxes perpendicular to the axis of flow is no less important than the river's downstream flow, or exchanges with the atmosphere and deeper groundwater (Figure 1 ). Greater contact of river water with geochemically and microbially rich sediments is of particular significance, because of the increased opportunities for reactive transformations of organic carbon, nutrients, and other energy-rich substrates [Battin et al., 2008; Dahm et al., 1998; Brunke and Gonser, 1997] . In fact, these exchanges can explain the downstream influence of chemical reactions on the quality of receiving waters [Findlay, 1995; Marzadri et al., 2014; Harvey et al., 2013] .
The river corridor perspective views hydrologic exchange flows and the resulting enhancement of biogeochemical processing as being integral to supporting healthy levels of aquatic metabolism [Helton et al., 2011; Lautz and Fanelli, 2008; Mulholland et al., 2008; Fischer et al., 2005; Grimm and Fisher, 1984] and other functions that provide ecosystem services (e.g., water quality improvement) valued by humans [e.g., McClain et al., 2003] . Biogeochemical reactions of organic carbon and nutrients not only regulate nutrient budgets and support stream ecosystems but also strongly influence the fate of toxic metals and mining contaminants [e.g., Von Gunten and Lienert, 1993; McKnight et al., 1988] , organic contaminants from industrial and military sources [e.g., Kim et al. 1995] , and emerging contaminants such as pharmaceuticals [e.g., Fick et al., 2009] and contaminants in wastewater from unconventional oil and gas development [Warner et al., 2013] . However, uncertainties in basic physical parameters of flowing waters, such as width and depth [McDonnell and Beven, 2014] , residence time [Green et al., 2009] , and river sediment characteristics [Hall et al., 2013] are now some of the key limitations in understanding functions of river networks including CO 2 and N 2 O emissions at nationwide and global scales [Battin et al., 2008; Beaulieu et al., 2011; Butman and Raymond, 2011] . River corridor science has a rich interdisciplinary heritage, and this paper provides a vision for future research while also reviewing historical highlights as published in the pages of Water Resources Research and many other journals.
Hydrologic Connectivity as a Key Organizing Concept
In this article, we take a broad view of river corridor transport processes in order to emphasize commonalities and promote integration. Hydrologic connectivity is a key concept that integrates longitudinal transport with vertical and lateral exchanges in river corridors Ward, 1988, 1993] , watersheds [Jencso et al., 2010] , and aquatic ecosystems [Larsen et al., 2012] . The concept of connectivity is playing an increasingly important role by influencing the development of scientifically based policies for protecting the valuable functions of river corridors [e.g., Nadeau and Rains, 2007; Alexander et al., 2007] . We use the term ''hydrologic exchange flows'' to specifically refer to lateral and vertical exchanges of water, materials, and energy between rivers and their surrounding marginal surface and subsurface waters. All near-river exchanges are included, regardless as to whether exchange flows remain on the surface or cross the sediment interface, or whether exchanges are driven by steady or dynamic river flow conditions. Hydrologic exchange of relatively fast moving water of the river's thalweg with zones of recirculating surface water behind boulders, logs, or other roughness features, and recirculation in lateral cavities at channel banks are included [Jackson et al., 2013a] , as is hyporheic flow of river water driven through subsurface flow paths vertically beneath the channel and laterally beneath the banks and marginal barforms of the river [Boano et al., 2014; Storey et al., 2003; Cardenas and Wilson, 2007] . Bank storage of water caused by rising and falling river stages that drives exchange flows laterally into and out of emergent bedforms, barforms, and banks [Dudley-Southern and Binley, 2015; Larsen et al., 2014; Boano et al., 2013; Gerecht et al., 2011] is included. Also included are exchange flows with riparian areas and floodplains that are activated when rising rivers spill over low points on banks Bridge, 2009] .
At some point, all of a river's flow has been exchanged with marginal, off-channel surface or subsurface waters. For example, Richey et al. [1989] estimated that the Amazon's main stem, the world's largest river, exchanges approximately 25% of its average annual flow with floodplains, an amount equal to more than twice the discharge of the Mississippi River. Flood waters spill over levees and traverse lower lying areas on the floodplain surface until returning to the river at a point downstream [Mertes, 1997] . Floodwaters also may remain ponded long after a flood, draining slowly back to the river after the flood recedes or, in some cases returning to the river by recharge to subsurface flow paths [Jung et al., 2004] . The Mississippi River, itself the world's fifteenth largest river, exchanges all of its flow with subsurface (hyporheic) flow paths, including lateral exchanges beneath the river's meandering banks [Kiel and Cardenas, 2014] and vertical exchanges beneath the submerged bedforms on the bottom of the river [Gomez-Velez and Harvey, 2014] . These dynamic interactions between longitudinal and lateral fluxes within river corridors have far-reaching effects on water chemistry and ecology of downstream receiving waters. This paper presents a vision of river corridor science by reviewing progress and outlining challenges in characterizing hydrologic connectivity, exchange flows, and related hydroecological processes. We highlight the unification of concepts, which brings together surface and subsurface hydraulic processes in river corridors at the very fine scale of turbulent transfer all the way up to larger-scale exchanges driven by basin-scale geologic controls. We discuss and compare useful abstractions of exchange flows, such as lateral and We also emphasize how detailed classifications of hydrologic exchange flows can be useful, such as partitioning surface from subsurface exchange components of total exchange. For example, it can be important to distinguish hyporheic exchange from surface water exchange flows because of the increased biophysical opportunities for enhanced chemical reactions in waters that are in close contact with sediments [Battin et al., 2008] . Understanding the intermittency of hydrologic exchange flows also is important, and begins with distinguishing the types of exchange flows that are active even when river flow is steady (e.g., hyporheic flow) compared with other types (e.g., bank storage, overbank flooding) that are specifically activated by spates or floods. Even within a single category such as hyporheic exchange, it is important to differentiate between vertical exchanges beneath small (centimeter-scale) bedforms from much larger (hundreds of meter-scale) exchange flows beneath channel meanders, and beneath large bars or river islands. Exchange flows vary with river size and type, and with flow condition, and so approaches are needed that can cross scale while remaining faithful to the underlying physics and biology without becoming overwhelmed by the complexities.
The challenges facing river corridor investigations are many, including applying knowledge gained across the orders of magnitude in spatial scale, from the small scales of individual exchange flows at which controlling processes are understood to the much larger scales at which the water quality and ecological conditions are cumulatively affected (Figure 3) . Consequently, although it has become increasingly feasible, for example, to predict hyporheic flow and other types of exchange flows at small spatial scales [Boano et al., 2014; Jackson et al., 2013a] , there has been relatively little progress applying that knowledge to ecologically relevant scales of river reaches and watersheds (but see Marzadri et al. [2014] , Kiel and Cardenas [2014] , and Gomez-Velez and ). As always, heterogeneity in the types and sizes of buried alluvium [Heeren et al., 2010 [Heeren et al., , 2014 Menichino et al., 2014] , and heterogeneity of barforms, grain sizes, and subsurface hydraulic conductivity [Aubeneau et al., 2015; Cardenas et al., 2004] , and interactions with other types of roughness features (bioroughness, e.g., aquatic vegetation and downed wood in rivers) [Jackson et al., 2013a; Wohl et al., 2015] are crucial in their effect on hydrologic exchange flows and fate of dissolved and suspended materials in rivers. Another challenge is developing practical tools of measuring hydrologic exchange fluxes that avoid the potential bias of using a single technique, since no matter what method is used, it has a limited range of sensitivity that may only detect a portion of the water and chemical fluxes crossing hydrologic 
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interfaces [Cook and Herczeg, 2000; Harvey and Wagner, 2000] . An example of methodological limitations is detecting fluxes using decay of radioisotopic solute tracer along a flow path, which only provides results at sampling time scales that are similar to decay time scales. Lastly there is the challenge of quantifying ''hot spots and moments'' and ''effective discharge'' for biogeochemical processing of nutrients and organic matter in watersheds to understand river corridor functions and [e.g., McClain et al., 2003; Doyle et al., 2005] . We review the history and progress in these and other river corridor concepts and we also review the tried and true field practices with a view toward emerging techniques such as novel applications of geophysical techniques Lowry et al., 2007] , thermal imaging [e.g., Dugdale et al., 2015; Briggs et al., 2013b] , and satellite observations [e.g., Alsdorf et al., 2007; Townsend and Foster, 2002] . Practical examples relating to management of river corridors are considered, such as concepts to quantify and characterize the chemical reactions of major concern and their relation to practical aspects of the conjunctive management of surface and groundwater management (e.g., bank filtration).
It is not enough to know that hydrologic exchange flows are effective in delivering reactants such as organic matter, dissolved nutrients, and oxygen into contact with microbe-rich sediments. We can also determine the specific roles of the various types of hydrologic exchange flows and predict where and when these are significant to cumulative outcomes for river water quality and ecology at the watershed and regional scale. Also there is much that can be done to strengthen the scientific basis of river corridor protections (e.g., riparian setbacks) and actions that are effective in restoring river corridor functions (e.g., improved storm water retention and channel restoration) [e.g., Roley et al., 2012a Roley et al., , 2012b . A predictive modeling framework for scientifically informed river corridor management, although becoming more accessible, is still in its infancy.
Origins of a River Corridor Perspective
Early concepts of environmental hydrology generally did not address the river corridor. Rather, hydrologic concepts were typically developed in isolation for rainfall-runoff, groundwater, and channel flow problems. Watershed hydrology, for example, emphasized fast transport through surface and shallow subsurface pathways of hillslopes into channels on time scales of a few minutes to a few days [Loague, 2010] , whereas groundwater basin hydrology emphasized slower transport through deeper subsurface flow paths, eventually discharging to channels on time scales of tens of days to millennia [Anderson, 2008] (Figure 4, top) . Meanwhile, the analysis of river flow routing and water quality emphasized flow, transport, and dispersive mixing in main channels [Cunge, 1969; Fischer et al., 1979] , generally without considering water inflows and exchanges with groundwater, riparian, floodplain, or hyporheic environments. Early scientific advancements were made in sanitary engineering that would influence reactive transport modeling in rivers including the Streeter-Phelps oxygen sag model [Streeter and Phelps, 1925] . Only later did traditional watershed and groundwater basin perspectives move away from depicting streams as drains on the landscape toward recognizing the bidirectional exchanges near the river and hydroecological interactions that affect in-stream water chemistry and ecology (Figure 4 , bottom). Some early contributions by hydrologists included identifying bank storage exchange of river water responding to dynamic river stages [Pinder and Sauer, 1971; Moench et al., 1974] , induced river recharge from groundwater pumping [Chen, 2001; Hunt, 1999; Glover and Balmer, 1954] , overbank flow and floodplain exchange [Mertes, 1997; Knighton, 1998 ], and integrated reactive transport modeling in rivers exchanging water with surrounding subsurface waters [Bencala, 1983] .
The origins of the river corridor perspective were in concepts that linked aquatic ecology with fluvial geomorphic principles. The River Continuum Concept (RCC) hypothesized predictable relations among food webs, aquatic metabolism, and fluvial geomorphology [Vannote et al., 1980; Minshall et al., 1985] . In other words, the hydrogeomorphic template of rivers matters to organisms. The RCC took into account the differing potential for autochthonous and allocthonous inputs of organic matter along the continuum from small to large rivers, as well as interactions between river size, overhang of riparian vegetation above the channel, and effects on light penetration and water temperature. Originally, a static view that emphasized longitudinal changes through river networks, the RCC viewpoint was extended by other concepts that emphasized dynamics, most notably the Flood Pulse Concept (FPC) of Junk et al. [1989] that highlighted the role of flood movement onto and off of riparian and floodplain zones where organic and inorganic materials are stored and transformed and where aquatic organisms feed or take refuge. The RCC and FPC concepts were developed in the spirit of testable hypotheses, although quantification of hydrologic exchange flows came relatively slowly. Early on the prevailing hydrologic instrumentation tended to be ill suited to measuring hydrologic exchange flows and impacts on water quality and ecology. Velocity-area-based measurements of river discharge, and typical groundwater wells (e.g., 5 or 10 m deep), provide end members but little in the way of useful information about interactions between the river's main channel and marginal surface water areas, or the permeable sediments and floodplains lying far outside of the river's wetted width [Ward, 1989; Dunne et al., 1998 ].
River corridor science gained momentum when hydrologists and aquatic ecologists combined their tools to quantify nutrient and contaminant spiraling through river networks. Beginning several decades ago, the traditional hydrologic instrumentation began to give way to new experimental approaches that could trace and quantify the ecological influence of hydrologic exchange flows [Stream Solute Workshop, 1990] . A major turning point in quantifying hydrologic exchange flows and their biogeochemical consequences came in the form of the Nutrient Spiraling Concept [Newbold et al., 1981 [Newbold et al., , 1982 . Nutrient spiraling explains how downstream movement of nutrients (the concept is now applied to chemical contaminants and suspended sediments as well) is lagged by physical and biological storages, and that biophysical opportunities for chemical reactions are enhanced by storage. These and similar works were responsible for catalyzing decades of experimental work in rivers with solute tracers [e.g., Battin et al., 2008; Boano et al., 2014] . Tracer experiments revealed how solutes being rapidly transported in the main channel can enter storage within slowly moving marginal waters, or may be taken up by plants and aquatic organisms and spend time within biota until later released with waste products or after the organism or plant dies. Use of isotopic tracers such as 32 P and 15 NH 4 for measuring spiraling through physical storage and food webs was particularly innovative [Newbold et al., 1981; Peterson et al., 2001] . Such processing has the potential to strongly affect downstream concentrations and transport loads as well as rates of transformation of reactive substances.
In addition to methodological advancements, concepts for hydrologic exchange flow also have advanced with scaling concepts such as the Hyporheic Corridor Concept of Stanford and Ward [1993] , the Telescoping Ecosystem Concept [Fisher et al., 1998 ], the Natural Flow Regime concept [Poff et al., 1997] , and the Effective Discharge Concept , which expand the context for quantifying particular types of physical storage and biological processing across a spectrum of flow conditions. These and other emerging concepts, such as the lung versus gill models of hyporheic exchange [Sawyer et al., 2009] , are now contributing as key test beds for quantifying the close contact between rivers and their surrounding off-channel waters.
Most recently, hydrologists have contributed to integrated river management assessments including designing more effective management practices for protection and restoration of water quality and biological resources [Bourg and Bertin, 1993; Von Gunten and Lienert, 1993; Fleckenstein et al., 2004; Ward et al., 2011; Gooseff, 2010, 2011; Bernhardt et al., 2005] .
Fluvial-Geomorphic and Ecological Drivers of Hydrologic Exchange Flows
The fluvial and biogeomorphic template of a river corridor is shaped by floods and sediment supply and evolves continuously [Wohl et al., 2015] . The connectivity of river networks is controlled in large part by the hydraulic forces that dissipate water's energy as it interacts with geomorphic and biological roughness elements on the streambed and at channel margins [Jackson et al., 2013b; Prestegaard, 1983] that resist the flow and force water to move laterally through pathways across the channel and beneath the surface. Resistance to exchange flows through the subsurface is controlled by the grain-size distribution and layering of river sediment which determines the sediment's hydraulic conductivity [Cardenas et al., 2004; Brunke, 1999] . Biological features such as woody and herbaceous vegetation also contribute to hydraulic resistance to surface flows [Griffin et al., 2005; Harvey et al., 2009] , which can focus energy dissipation and reshape the sediment bedforms that steer and modulate surface and subsurface exchange flows.
Many of the recent conceptual advancements in river corridor science can be loosely categorized following Montgomery [1999] as Process Domain Concepts [e.g., Poole et al., 2006; Boano et al., 2014; Wohl et al., 2015] . These focus attention on how climate, geological, and topographic drivers produce predictable channel morphology, sediment grain size, and flows that shape the physical template for flowing aquatic ecosystems. Figure 5 is one example of a Process Domain Concept that illustrates relations between many of the mechanisms that control both surface and subsurface hydrologic exchange flows. The spatial extent of exchange and the associated time that river water spends in storage are positively related and scale approximately with the size of bedforms, barforms, and other roughness features such as downed wood in channels [Kasahara and Wondzell, 2003; Stonedahl et al., 2010; Sawyer et al., 2011] , as well as frequency, size, and duration of spates and floods [Martin and Jerolmack, 2013] . The scaling ranges across many orders of magnitude from the vertical circulation beneath submerged ripples and dunes on the channel bed to much larger exchange fluxes driven by meanders, bedrock undulations, and channel bank height variations that introduce variability in both surface water and groundwater exchanges with areas outside of the main channel and overbank flow [Jung et al., 2004; W€ orman et al., 2007; Stonedahl et al., 2013] .
At the basin scale, geologic factors such as valley slope and the extent and texture of the valley fill and alluvial sediments are important controls on hydrologic exchange flows [Larkin and Sharp, 1992; Woessner, 2000] . The size and frequency of channel-forming flows and texture of bed sediments determine the channel's geometry, including bankfull width, sinuosity, and types, sizes, and spacing of bedforms and barforms, all of which influence hydrologic exchange flows [Aubeneau et al., 2015; Martin and Jerolmack, 2013] . Hydrologic exchanges vary with time during spates and floods [Ward et al., 2013; Zimmer and Lautz, 2014] varies even with minor changes in stream velocities [Boano et al., 2013] (e.g., hydrodynamically driven hyporheic fluxes scale with the square of velocity [Elliott and Brooks, 1997a] ) and will shift in response to flooddriven adjustment of bedforms .
Within the channel, the surface water's kinetic energy in flow over submerged bedforms imposes kinetic and potential forces on the bed that drives subsurface exchange flows with zones of flow separation behind and beneath dunes, ripples, cobbles, and protruding clusters of grains [Thibodeaux and Boyle, 1987; Savant et al., 1987] , with the redistribution of the fluid's momentum to pressure variations on the streambed causing shallow hyporheic flow that interacts with near-river groundwater heads [Cardenas and Wilson, 2007] . A rising and falling river may affect hyporheic flow in unanticipated ways because of complex and interdependent adjustments in river depth, energy slope, and extent of inundation of bar features [Gariglio et al., 2013; Shope et al., 2012; Francis et al., 2010; K€ aser et al., 2009; Wondzell and Swanson, 1996; Harvey et al., 1996] . Surface water is also exchanged laterally by shear forces driving turbulent exchange across boundaries of flow separation between the fast-flowing main channel from more quiescent waters of the channel margin or behind roughness features [Jackson et al., 2013b] .
The presence of biological features including biofilms, algae, sticks and leaves, downed wood, and beaver dams adds flow roughness that interacts with sediment features to increase exchange between the main channel and zones of flow separation in off-channel areas and in subsurface hyporheic zones Battin, 2000; Battin and Sengschmitt, 1999; Lautz et al., 2006] . Growth and decay of roots of aquatic and emergent plants in sediments with mixed grain sizes and fine particulate organic matter creates zones of preferential flow through sediment macropores with implications for biogeochemical cycling [Briggs et al., 2015; Harvey et al., 1995; Harvey, 1993] . Near-stream vegetation alters the direction and amount of near-stream subsurface flow by transpiration and riparian and submerged and emergent aquatic vegetation also contribute substantially to flow roughness by shielding sediments from erosion and adding strength to river beds and banks [Hopkinson and Wynn, 2009; Harvey et al., 2009 ]. 
Measuring Hydrologic Exchange Flows
The fundamental physical drivers of hydrologic exchange flows can be isolated and studied under controlled experimental conditions in laboratory flumes, allowing the manipulation of variables one at a time [e.g., Endreny et al., 2011; Packman et al., 2000; Elliott and Brooks, 1997b] . These approaches sometimes suffer from the artificial nature of the setting, e.g., effects of flume and mesocosm walls, artificial effects of induced flows and stirring, and disruption of sediment structure and chemical characteristics compared to field conditions. However, laboratory measurements have provided an excellent linkage between theory and observations in controlled settings.
An advantage of field measurements is that they are more representative of actual stream conditions which include a wider range of exchange flows which may interact (e.g., smaller-scale flow paths nested within larger scale) [Poole et al., 2006] or which may co-occur with little apparent interaction across scales (bedformscale hyporheic flow independent of pool and riffle-scale hyporheic flow) [e.g., Stonedahl et al., 2012] . Nonetheless, hydraulic models may suffer from poor knowledge of boundary conditions and challenges representing complex heterogeneities in surface and subsurface conditions [Wondzell and Swanson, 1996] including vegetation and other types of biological roughness [Jackson et al., 2013a] that affect flow.
Consequently, many field researchers use a phenomenological approach to describe transport based on solute tracers, both injected and naturally occurring, and they forgo the measurement of many of the sitespecific details in favor of simpler data sets that capture only the most essential details of solute transport that are pertinent to the question being addressed [Jones and Mulholland, 2000; Stream Solute Workshop, 1990] . Of course, what is essential and pertinent depends to a large extent on the spatial and temporal scales being considered. 
Hydrometric Methods
Measuring hydrologic exchange flows often requires nonconventional instrumentation designed for deployment in shallow surface and subsurface environments. Surface water flow measurements are difficult in complex channels that are shallow and wide with variable flow speeds around roughness features or through vegetation. As noted before, velocity-area-based measurements of river discharge do not address exchange flows, but they are also problematic for measuring longitudinal discharges in deep and fastflowing rivers as well as in shallow streams with unstable streambeds-wherever wading or deploying relatively heavy and highly sensitive instruments measurements is difficult, dangerous, or problematic. Acoustic velocimeters originally developed for oceanography have taken a step toward miniaturization over the past few decades are often used for measuring surface flow in river, floodplain, and estuarine environments [Nikora and Goring, 1998; Chanson et al., 2008; Harvey et al., 2009] . Subsurface exchange fluxes can be estimated by measuring hydraulic head gradients in shallow subsurface sediments and pairing these with estimates of the sediment's hydraulic conductivity to compute a flux using Darcy's Law [e.g., Storey et al., 2003; Wroblicky et al., 1998; Wondzell and Swanson, 1996] . The evolution of measurements of hyporheic exchange provides a useful illustration of general advancements in river corridor measurements. In the earliest studies of hyporheic flow, piezometers were not necessarily used and hydraulic head was measured near streams simply by digging shallow pits dug into gravel bars and comparing water levels with the nearby channel [Bencala et al., 1984] . Soon after various types of miniaturized drivepoints were developed [Wroblicky et al., 1998; Wondzell and Swanson, 1996] . Essentially, these were conventional piezometers from hydrogeology that had been miniaturized and hardened for direct driving to shallow depths in river beds without the need for a pilot hole. Drivepoints with short, well-defined screens also function for measuring hydraulic conductivity using slug test approaches to support hydrogeologic modeling [e.g., Storey et al., 2003; Cardenas et al., 2004; K€ aser et al., 2009; Stonedahl et al., 2010] . Drivepoint designs differ considerably in their diameter with larger points mainly being necessary for strength to withstand slide hammering into streambeds with heterogeneous beds containing cobbles [Geist et al., 1998 ]. Finer grained and less heterogeneous streambeds allow lighter weight drivepoint designs (typically 0.375 inch or 1 cm nominal O.D.) that are manually emplaced into sand or sand and gravel beds. However, drivepoints generally are not stable enough under their own weight for shallow subsurface sampling, and their diameter and internal water volume generally require too much purging and disturbance of natural solute gradients to provide solute tracer or chemical samples any shallower than 20 cm beneath the streambed. The need for shallower hyporheic sampling with finer (centimeter-scale) vertical resolution was addressed by further miniaturization and multiplexing to sample six depths simultaneously with centimeter-scale resolution beneath the bed Duff et al., 1998 ]. The design provides for minimal surface area exposed to river flow that could change the hydraulic pressures driving hyporheic exchange or cause bed scour, and minimal internal ''dead'' volume to allow slow pumping of small volume samples without disturbing natural subsurface flow patterns and solute gradients.
Another common hydrometric technique is the use of seepage meters to directly measure water flow across submerged sediment boundaries of lakes, wetlands, and streams. The original design was a steel drum top inserted into sediment with a port to attach a bag to monitor water accumulation or loss [Lee, 1977] . Seepage meters were originally designed for well-graded sandy sediments with relatively steep hydraulic gradients in the streambed that overcome the effects of minor surface pressure transients on bag pressures. The design has been modified several times to improve performance by minimizing seepage bag exposure to currents or to replace the seepage bag with electronic (heat-pulse) technology to measure flow. Seepage meters may be problematic in streams and rivers with mixed grain sizes, especially cobbles, and where exchanges fluxes are small, yet they have been used extensively to measure temporal and spatial variability of fluxes [Kennedy et al., 2009; Conant et al., 2004; Rosenberry et al., 2013 ].
The measurement approaches described above have been used effectively at relatively small scales ranging from a vertical deployment of sensors at a single point to horizontal layouts across larger features such as a gravel bar or meander, and, at most, deployment along a short stream reach. Such measurements reveal important characteristics and controls on hydrologic exchange flows. A chief downside is that data are representative of only a very small portion of a much larger, complex system and generally do not estimate reach-averaged conditions at distances of hundreds of meters to tens of kilometers, i.e., the distance at which the effects on water quality become evident Harvey and Wagner, 2000] . Although it is not impossible to characterize groundwater-surface water interactions by installing many (e.g., hundreds) of drivepoints and modeling results in order to obtain reach-scale averaged exchange flows [e.g., Wroblicky et al., 1998; Baxter and Hauer, 2000] , in most cases the workload is prohibitive. There is a trade-off as instruments become more widely spaced and it becomes more difficult to resolve what often are the dominant drivers of exchange fluxes across centimeter to decimeter-scale bedforms on the streambed [Stonedahl et al., 2013; W€ orman et al., 2007] . Gomez-Velez and and Marzadri et al. [2014] recently developed parsimonious physically based models of hyporheic flow with potential for application in large basin to national scales.
Tracer-Based Methods
In situations where traditional hydrometric measurements of river flow are not enough to reliably specify hydrologic exchange fluxes, solute tracers (or other tracers, such as heat transport) are often useful. Often, traditional hydrometric measures of river are often combined with environmental tracers [Cook et al., 2006; Gooseff et al., 2003; to produce spatially averaged measurements of river inflows and outflows from groundwater. Sometimes a coupled water and solute flux balance can be developed where bidirectional exchanges (e.g., hyporheic flow or surface water exchange with slowly flowing marginal areas) can be distinguished from unidirectional inputs or exports of water to locations far outside the reach, e.g. (groundwater or tributaries) [Payn et al., 2009; Ruehl et al., 2006; Harvey and Wagner, 2000] . Payn et al. [2012] linked multiple tracer injections in a river to reveal that valley and watershed topography as well as the character of the hillslope-riparian transition controlled river inflows and outflows when river baseflow was relatively high. However, during late summer when baseflow was lowest there was greater control by proximity to geologic fault zones and other aspects of subsurface structure.
Environmental Solute Tracers
Environmental solute and temperature tracing has played an important role in river corridor studies in quantifying groundwater discharge, recharge, and hydrologic exchange flows in river reaches, wetlands, Examples of environmental solute tracers include specific conductivity, Cl 2 or other major ions [Mulholland, 1992; Reddy et al., 2008; Larsen et al., 2014] , and water stable isotopes [Gooseff et al., 2003; B€ ohlke et al., 1997; Hunt et al., 2005] , which are typically used to quantify inflows from various water sources from outside the main channel. They also may help constrain hydrologic exchange fluxes entering or leaving the main channel if, for example, temporal variations in solute tracer concentrations in main channel propagate into off-channel or subsurface waters. Propagation of solute signals into off-channel waters can be used to inversely estimate the flux by fitting of the tracer's lag and attenuation characteristics. B€ ohlke et al. [1997] used the lag and attenuation characteristics of water stable isotopic composition in alluvial groundwater as a basis for calculating exchange fluxes with the Danube River. Other researchers have tested the measurements and modeling of temporal changes in electrical conductivity in a stream and in a nearby observation wells to determine hydrologic exchange fluxes [e.g., Cirpka et al., 2007] . Typically, the technique works best where recharge dominates, as in a situation where pumping of wells occurs adjacent to streams.
A number of radioisotopes are used in tracing river corridor exchange fluxes [Cook et al., 2006; Krest and Harvey, 2003; Harvey et al., 2006] . Recharge fluxes can be quantified by using a radioisotope's wellknown decay constant and field estimated equilibrium concentration to quantify hydrologic exchange fluxes and transit times. The analysis typically requires that the tracer be paired with other conservatively transported environmental tracers to account for mixing and dilution [e.g., Bourg and Bertin, 1993; Lamontagne and Cook, 2007] . Alternatively, two radioisotopes can be expressed as a ratio to account for dilution. Decay time scales of naturally occurring radioisotopes range from days to millions of years: 
Injected Solute Tracers
The value of solute tracing to measure river exchange flows is sometimes improved by injecting solutes directly into rivers and then tracking their downstream movement. The injection of solute tracers that are conservatively transported in natural waters have long been used to quantify a river's discharge [Kilpatrick and Cobb, 1985] and the rate of dispersive mixing in the longitudinal direction during downstream transport [Fischer et al., 1979] . There has been an increasing emphasis on using tracers to quantify hydrologic and chemical exchange fluxes perpendicular to the channel's main axis [Stream Solute Workshop, 1990; Jones and Mulholland, 2000] . For example, a tracer can be injected in the stream's thalweg and tracked through surface and subsurface flow paths into marginal waters to determine exchange fluxes [e.g., Harvey and Bencala, 1993] , or the tracer can be injected directly within a side cavity at the stream's margin, or within the subsurface and then tracked across the interface with the river's main channel [e.g., O'Connor et al., 2010; Jackson et al., 2013b; Gooseff et al., 2013; Harvey and Wagner, 2000] .
Tracers, such as rhodamine WT, chloride, and bromide, are added either as an instantaneous pulse addition or by injection at constant rate for a specified period of time [Kilpatrick and Cobb, 1985; Wagner and Harvey, 1997] . Sampling of the breakthrough of the tracer at a point downstream of where the tracer has become mixed with depth and across the width of the river is used to characterize discharge by a method known as ''dilution gaging'' [Kilpatrick and Cobb, 1985] . Breakthrough measurements at points further downstream are useful for characterizing inflows from groundwater, seeps, and tributaries. The net inflow to the river reach is quantified as the difference between dilution gaging estimates at reach endpoints. Importantly, the tracer-based approach often overestimates true discharge at points downstream if losses of river water occur by recharge to groundwater, irrigation takeoffs, etc. If independent measurements of discharge are acquired at reach endpoints, e.g., by velocity gaging or by additional solute tracer injections at all reach endpoints, then both inflows and outflows from the channel may be quantified by solving for two
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unknowns in the coupled mass balance equations for the river reach, e.g., water mass balance equation and solute tracer mass flux equation [Payn et al., 2009; Ruehl et al., 2006; Harvey and Wagner, 2000] .
Temperature tracing of hydrologic exchange fluxes grew enormously in the past few decades with improving sensors available at a decreasing cost, and with development of convenient analytical and numerical solutions for quantifying water exchange fluxes [e.g., Hatch et al., 2006; Swanson and Cardenas, 2011; Voytek et al., 2014] . Most applications involve vertical deployments of temperature sensors in streambeds [e.g., Hatch et al., 2006] , wetlands [e.g., Hunt et al., 1996] , and on floodplain surfaces [Hess et al., 2011] or in alluvial groundwater [Johnson et al., 2005] . Temperature tracing at the scales of individual geomorphic features have provided two-dimensional flow path interpretations, including flow path mapping to define and separate river exchange with hyporheic and groundwater flow paths [Gariglio et al., 2013; Nowinski et al., 2011; Shope et al., 2012; Francis et al., 2010] . Measuring vertical fluxes of water across streambeds using heat as a tracer is now often being supplemented with longitudinal distributed temperature sensing applications that follow the main channel to address spatial variability [Selker et al., 2006; Lowry et al., 2007] . Other recent developments include increased resolution in vertical temperature measurements to define fine-scale subsurface exchange [Briggs et al., 2012] and long-term measurements that permit estimation of hyporheic flow dynamics [Bhaskar et al., 2012] and temporally varying groundwater-surface water interactions [Mwakanyamale et al., 2012; Briggs et al., 2012] during floods.
Modeling Reactive Solute Tracers to Characterize Hyporheic Exchange Flows
Often a reactive solute tracer is injected or observed along with a conservatively transported solute tracer for the purpose of quantifying solute reaction [e.g., Runkel et al., 1996a Runkel et al., , 1996b Covino et al., 2011] . In such cases, a coupled model of transport and reaction in stream corridors can be constructed. An example is the transient storage model, which simulates in-channel advection and longitudinal dispersion in a stream, as well as hydrologic connections with groundwater and with ''transient storage zones,'' i.e., slowly moving surface water at channel sides and in shallow subsurface (hyporheic) waters [e.g., Thackston and Schnelle, 1970; Valentine and Wood, 1979; Bencala and Walters, 1983; Jackman et al., 1984; Castro and Hornberger, 1991; Runkel, 1998; Harvey and Wagner, 2000; Fernald et al., 2001] , as well as reactive processes which may occur at different rates within various hydrologic compartments ( Figure  6 ). In the past few decades, alternative models have been added The model conceptualization of transient storage is extremely basic. It assumes that the stream water and solute exchange repeatedly with a well-mixed storage zone. The reach-averaged parameters determined by fitting include an exchange coefficient, a storage zone size, and an average residence time in storage. Rearrangement of those quantities produces a reach-averaged hydrologic exchange flux per unit length of stream, which is equal to the storage zone cross-sectional area parameter divided by the average storage residence time parameter [Harvey and Wagner, 2000] . The mathematical form of the residence time distribution for a well-mixed storage reservoir is exponential, which often fits tracer data in real streams quite well, but does not mean that transient storage zones are actually well-mixed reservoirs, but rather that storage zones can be approximated by an exponentially distributed assemblage of many short exchange pathways and a few much longer exchange pathways. Solute tracers added to rivers at concentrations several orders of magnitude greater than background often reveal that residence times of hydrologic storage are more broadly distributed than exponential, exhibiting lognormal or power law distributions [W€ orman et al., 2002; Haggerty et al., 2002] , which has been confirmed by measuring residence time distributions directly in storage zones [Gooseff et al., 2008; Harvey et al., 2013] .
Chemical reactions in stream corridors often are characterized by first-order uptake or production terms in the main channel and in the storage zone of transient storage models. However, a wide variety of chemical reactions can be simulated in addition to first-order decay, including gas exchange [Choi et al., 1998 ], sorption from main channel waters onto the streambed or in the storage zone [Bencala, 1983] , and various other equilibrium speciation or kinetically controlled speciation reactions [Runkel et al., 1996a [Runkel et al., , 1996b [Runkel et al., , 1999 Bencala, 1983] . An easily used model of in-stream transport with dispersive mixing and first-order uptake terms and sorption terms is available from the USGS in its well-documented OTIS code [Runkel, 1998 ] that Kim et al. [1990 Kim et al. [ , 1992 who simulated transient storage and nitrate uptake kinetics of a periphyton community in a flume and then in a stream. Kimball et al. [1994] conducted tracer injections to measure metal loading from acidic mine drainage and to determine reaction rates that attenuate metals in the stream and in hyporheic zones. Broshears et al. [1996] manipulated stream pH and simulated the controls on aluminum and iron chemistry. The role of hyporheic zones in denitrification was investigated using transient storage modeling by Gooseff et al. [2004] and Harvey et al. [2013] . Ensign and Doyle [2006] examined results from many tracer experiments that quantified nutrient retention in streams and assessed the possible role of hyporheic flow. The reactive solute transport capabilities of OTIS were expanded in the One-Dimensional Transport with Equilibrium Chemistry model (OTEQ) that solves the equilibrium submodel MINTEQ in the context of transport with groundwater-surface water interactions [Runkel, 2010] . This model has been extensively tested in applications involving fate of metals released by acidic mine drainage. 
Challenges Crossing Scales From Geomorphic Units to River Reaches and Basins
One of the valuable outcomes of transient storage modeling is the reach-scale estimates that link hydrologic transport, water quality, and stream ecology. There is a significant advantage in the spatial averaging of highly heterogeneous processes at the reach scale, but the approach is not without its challenges. For example, there are several limitations in the physical interpretation of storage processes. Stream tracer injections tend to be operationally intensive and prohibitively expensive in preparing the quantities needed for injections in large rivers [e.g., Runkel, 2015] or rivers with large and retentive storage zones in marginal channel areas [e.g., Harvey and Wagner, 2000] . These limitations place a limit on the size of rivers and the size (actually, the residence time) of storage zones that can be investigated with injected river tracers. Also, to simplify the measurements and analysis, the injections are usually restricted to times of steady flow, usually base flow, which negates their widespread use to characterize storm or flood-driven flows and concentrations. Finally, and perhaps most important, stream tracers typically only characterize a lumped hydrologic exchange process that combines effects of several types of exchange flows. Consequently there is the difficulty of specifying where transient storage occurs, i.e., in surface side zones of streams or in the subsurface, which potentially affects the amount of reaction that occurs, which is problematic for predicting water quality effects at the reach scale or drainage basin scale. For example, whether transient storage occurs in surface water at channel sides or in hyporheic flow paths is particularly important for understanding controls on chemical reactions such as metal uptake in mining areas or denitrification in hyporheic flow paths. Early on it was thought that because transient storage was the result of an assemblage of processes that are difficult to predict based on easily measured physical attributes, it might mean that results from one experiment could not be transferred to other streams or even within the same stream at a different discharge [W€ orman et al., 2002; Harvey et al., 2003] . Fortunately, progress was made since then indicating that useful predictive models are not out of the question.
Discriminating Surface Water Exchange Flows From Subsurface Exchange Flows
A major challenge for river corridor scientists has been distinguishing between the contributions of surface and subsurface exchange flows to the overall, reach-averaged exchange. Simultaneously measuring tracer dynamics at the reach scale and at representative point locations led to key advancements over the past few decades. Measurements are made in representative storage zones of various types. For example, subsurface hyporheic flow exchange is often compared with surface water exchange with side cavities at the channel's margin. Such comparisons aid in parameterizing river corridor transport models with multiple types of storage zones. The earliest example of that approach was by Bencala et al. [1984] working in a boulder bed coastal stream in California, where the authors injected solute tracers in the stream to demonstrate how transport was affected by hydrologic exchange flows across the streambed. Harvey and Bencala [1993] directly observed hyporheic flow paths from start to finish and showed that only one class of hyporheic flow paths through gravel bars were observable with injected tracers. Larger and longer time scale hyporheic flow through alluvium up to several meters away from the stream was not detectable except by measuring head gradients, and was verified through measurement of the stream tracer in alluvial flow paths. Figure 6 , which is indicative of the challenges that remain in discriminating surface and subsurface exchange flows.
Identifying Where and When Biogeochemical Reactions are Enhanced
The increasing capability of researchers to separate the effects of hydrologic exchange zones has led to improvements in understanding the zonation of key biogeochemical reactions. Enhanced biogeochemical reactions have been detected in streambed algal mats [Gooseff et al., 2004] , shallow streambed hyporheic zones [Argerich et al., 2011; Harvey et al., 2013; Briggs et al., 2013a] , gravel bars [Pinay et al., 2009; Zarnetske et al., 2011] , bank storage exchange zones in river banks [Squillace et al., 1993; Gu et al., 2012] , riparian zones [Ensign et al., 2008; Wollheim et al., 2014] , and floodplains [Richardson et al., 2004; Forshay and Stanley, 2005; Jones et al., 2014; Scott et al., 2014] , suggesting that sediment interfaces throughout the river corridor are capable of enhancing reactive uptake of nutrients and contaminants.
Rates of biogeochemical reaction rates have been compared between different subenvironments of the river corridor. Nitrogen removal, for example, has been compared within surface water exchange zones in side cavities and hyporheic zones [O'Connor et al., 2010] , thalweg and bank margin hyporheic zones , and near levee and backwater floodplain environments [Richardson et al., 2004] . A greater challenge is to understand the contribution of reactions in any one zone to river processing as a whole. O'Connor et al. [2010] and Stewart et al. [2011] assessed the relative importance of surface water transient storage and hyporheic transient storage on nitrogen removal in streams, although some simplifying assumptions were used to partition reactions rather than supporting conclusions with direct sampling of reactions in subenvironments. Argerich et al. [2011] found that conversion of resazurin to resorufin dye, a proxy for stream metabolism [Haggerty et al., 2008] , occurred in a zone significantly smaller than the entire hyporheic zone. That result was supported by measurements of reaction rates as a function of depth in hyporheic zones that indicated that the dominant removal of nutrients and contaminants from rivers, enough to explain basin-scale outcomes for downstream water quality, may be isolated within the shallowest part of the hyporheic zone and not through its entire depth Harvey et al., 2013; Briggs et al., 2013a] . The upshot is that hyporheic zones, riparian zones, and floodplains are important, however, the dominant reactions may only occur in a small part of the exchange zones. These findings could explain why large-scale studies comprised of many stream tracer experiments in contrasting streams (such as the LINX experiments, e.g., Mulholland et al. [2008] ), were generally unable to explain differences in reach-scale reactions based purely on tracer estimated hydrologic exchange parameters such as average size and residence time of hydrologic exchange zones [Ensign and Doyle, 2006; Webster et al., 2003] . Instead it appears that better physically and chemically based measures of flow and reactions in different types of hydrologic exchange zones are going to be needed to accurately predict and understand the controls on river corridor reactions [see for example, Marzadri et al., 2014] .
Physically Based Versus Statistical-Empirical Models of Hydrologic Exchange
Substantial progress has been made in modeling the multiple types, and scales, of hydrologic exchange flows. Stonedahl et al. [2010 Stonedahl et al. [ , 2012 Stonedahl et al. [ , 2013 used relatively straightforward measurements of stream planform, streambed topography, water-surface slope, sediment hydraulic conductivity, etc., in order to construct a quasi-three-dimensional model with multiple scales of surface-subsurface water interactions. The authors tested their predictive model ''head to head'' against a posteriori modeling of tracer tests conducted in a stream in Indiana where tracer test results also had been modeled inversely using the transient storage model. While it can be said that the physically based model could not be implemented completely independently of the tracer analysis, the physically based model did provide more accurate and informative fits to field tracer test data. Statistically based scaling approaches are the most efficient means of estimating hydrologic exchange flows, and are likely to see more use in the future. Physically based modeling is conducted at greater cost, but produces results that potentially can be transferred to other streams and flow conditions. There may be a middle ground in which a quasi-physically based model can be developed that avoids two-dimensional structure by acquiring some simple field tracer data (dye releases) and basic topographic analysis and slug tests in streambed sediments. Such measurements can be made in half a day at relatively small expense compared with tracer testing which often takes several days at least to complete the analysis. The above discussion of modeling hydrologic exchange flows only encompassed steady flow in channels without addressing the complications of rising and lowering stream stage and the expanding wetted river width as the bank overtops. Floodplain inundation is inherently a more demanding subject for physically based modeling than is steady flow modeling, and the approaches used to span the gamut between highly detailed physically based modeling informed by on the ground data collection during a few intensively studied floods [e.g., Bates et al., 1997 Bates et al., , 1998 ] to much more empirical approximations of flooding based on widely collected airborne and remote sensing data [Alsdorf et al., 2007] . Using increasingly available syntheses of large data sets and new sources of airborne lidar and satellite data, modelers are responding by developing approaches to simulate river corridor transport in large basins and at regional and continental scales [e.g., Kiel and Cardenas, 2014; Gao et al., 2014; Marzadri et al., 2014; Cohen et al., 2014; Gomez-Velez and Harvey, 2014] .
Hydrologic Exchange Measurements Have Inherently Limited Sensitivity
Hydrologic exchange fluxes are rarely measured directly in complex river corridors. More often, fluxes are indirectly estimated, e.g., as the unmeasurable residual term in a water balance, or Darcy flux calculations based on an estimated sediment permeability, or by using decay of radioisotopes along flow paths to estimate fluxes, or using heat as a tracer. All such methods have various levels of parameter uncertainty, including relatively certain rates of decay of radioisotopes such as tritium and relatively uncertain parameters such as sediment hydraulic conductivity and other parameters with uncertainties that are difficult to estimate because of the substantial heterogeneity of river systems. These uncertainties also influence modeling errors that arise from factors such as inadequate spatial resolution or incorrect identification of end member sources in chemical mixing analyses.
A less well-recognized uncertainty in measuring hydrologic exchange fluxes is the inherently low sensitivity to detect fluxes outside a limited range. The range of detection is set, at least in part, by experimental design and by characteristics of the method being used. For example, the accuracy of a hydrologic exchange flux measured using a radioisotopic tracer will depend on the decay time scale of the tracer relative the transport time scale in the system where it is measured (Figure 7b ). Another example is the accuracy of water balance modeling and how it is influenced by the resolution at which hydraulic heads are
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mapped. Stoertz and Bradbury [1989] showed that apparent recharge and discharge through shallow groundwater into streams is affected by the resolution at which hydraulic head is measured. Higher fluxes and greater accuracy are associated with greater resolution of head measurements. There are practical limits, however, to the number of wells that can be emplaced in a given area, especially for larger-scale investigations. Another example comes from measuring vertical fluxes of water across streambeds by tracing diel fluctuations of heat into the bed. Heat tracing only has sensitivity to detect fluxes within a certain range, with fluxes too low or too high being undetectable (Figure 7a ). The range of detection is determined by an interaction between the transport time scale of water though the bed, the depth and spacing of sensors, and the time scale of the tracer signal (often set by diel fluctuations of river temperature).
Following from above, the sensitivity of solute tracer experiments in rivers is also limited. The range of detection is determined by the time scale of the tracer injection and observation time of tracer movement, both of which affect the observable time scales of exchange and storage processes. Referred to as the ''window of detection'' [Harvey and Wagner, 2000] , the range and sensitivity of exchange fluxes estimated by stream tracers is influenced by river size, average velocity, as well as the investigator's choice of experimental reach length (which affects observation time and opportunity for tracers to experience all possible storage environments). The influence of those factors is expressed in an experimental Damk€ ohler number [Wagner and Harvey, 1997] , which becomes a useful metric for tracer test sensitivity. There are additional Water Resources Research
practical factors that may influence tracer experimental outcomes, including practical limitations of labor costs and tracer costs which are influenced by the desired duration of the tracer injection and the desired dynamic range of the injected tracer [Drummond et al., 2012] .
The upshot for stream tracer tests is that seemingly arbitrary choices of tracer injection time and the length of the experimental reach can interact with the actual exchange characteristics in a stream reach in a way that limits the spatial and temporal scale of exchange flows that can be detected [Ward et al., 2013; Harvey and Wagner, 2000] . It has been estimated that the range of detection of exchange flows is constrained between the tracer transport time scale through the experimental reach and the time scale of the injection [Schmadel et al., 2014] . As a consequence, exchange zones with relatively long residence times generally will not be observable and instead will be hidden in the noise in low-sensitivity parts of the tracer data where uncertainty in model fit is high [Harvey et al., 1996] .
To some extent, the problems with tracer test bias can be overcome using principles of experimental design [Harvey and Wagner, 2000] . This means that experiments can be refined to answer important questions, e.g., separating surface and subsurface contributions to total exchange flows [Gooseff et al., 2005] , or testing the effectiveness of constructing surface water storage zones to increase exchange flows [Ensign and Doyle, 2005] . However, a negative outcome of limited sensitivity of stream tracers is that there can be little confidence that model parameters determined for river reaches at the kilometer scale can easily be upscaled for use in larger basins .
In summary, measurement biases are often not considered in field studies of hydrologic exchange flows.
When an investigator selects a field method, no matter whether it is a hydrometric or tracer-based technique, the sensitivity to detect hydrologic exchange is limited to only a small part of the full continuum of fluxes that may be occurring. As a result many investigators are attempting to broaden detection by combining several approaches, each better suited for a particular time scale or spatial scale. This approach adds expense and logistical complications, but pays back in the greater understanding of relative contributions from different types of hydrologic exchange fluxes and how they contribute to ecologically meaningful outcomes such as stream metabolism [Gonz alez-Pinz on et al., 2014].
New methods are evolving to meet the challenges of locating and measuring stream-groundwater exchanges using quick and innovative assessments that discern spatial and temporal patterns of exchange along stream networks, such as Lowry et al.'s [2007] use of distributed temperature sensing, Ward et al.'s [2010 Ward et al.'s [ , 2012 and Briggs et al.'s [2014] use of geophysical resistivity, and Gonz alez-Pinz on et al. 's [2014] use of multiple scales of measurements, including solute tracers and temperature sensing at both reach and geomorphic unit scales. Ward et al.'s [2010 Ward et al.'s [ , 2012 work applied electrical resistivity methods to tracing salt-tracer-labeled stream water through hyporheic zones. Results provided the opportunity to visualize in 2-D and 3 dimensions the extent and intensity of stream water penetration into the valley corridor sediments. Covino et al. [2011] combined models to predict inflows to streams and stream tracer injections over reaches >1000 m in length provided an opportunity to assess the distributed downstream legacies of water that enters the channel along any portion of the river network. Leveraging these and other new techniques with novel biogeochemical methods (e.g., smart tracers for stream metabolism [Haggerty et al., 2008 [Haggerty et al., , 2009 and eDNA tracers [Deiner and Altermatt, 2014] ) will provide new understanding of the integral linkage between stream channels and associated aquatic processes and their surrounding valley's in large basins.
Connecting Controlling Processes With Cumulative Effects
Understanding hydrologic connectivity requires attention to both process and scale, with a principal challenge being to link fine-scale causal factors with large-scale consequences. Whereas the controls must be understood at fine scale of the hydro and geomorphic drivers, the consequences of hydrologic exchange for downstream water quality and ecology manifest themselves at much larger scales of entire drainage basins and ecoregions. Some scales of inquiry are best suited toward identifying the fundamental processes controlling material sources, biogeochemical reactions, habitat availability, etc., whereas others are best suited for assessing the cumulative effects on water quality and ecological function in large watersheds.
The disparity in scales at which the research is conducted creates a challenge, because without a process-based understanding at small scales there can be no predictions of cumulative effects at larger ones. Thus, it would be difficult to forecast changes in river water quality and ecological health in river networks responding to land use changes or climate change with confidence. Traditional hydrologic models cannot model both the processes and their cumulative effects in entire river networks. Therefore, developing new models that are faithful to the physics but that integrate hydrologic exchange flows and their effects on river transport, water quality, and aquatic ecology throughout river networks is a principal objective.
The contribution of river catchments to global nutrient cycles may has been largely underestimated, as pointed out by Battin et al. [2008] and Ensign and Doyle [2006] in their respective meta analyses of organic carbon and nutrient transformation in fluvial networks. After evaluating more than 300 studies, Battin et al. [2008] concluded that the high rates of organic C respiration in rivers is caused by close contact between river water and heterotrophic microorganisms on sediments, under conditions where even relatively recalcitrant carbon can be processed. Ensign and Doyle [2006] were more equivocal, leaving as an open question in which subenvironments of rivers nutrient transformations occur, but suggesting that headwater streams do not always exhibit the largest capacity to retain nutrients, and suggesting that larger rivers may be equally important.
Specifying which hydrologic exchange zones are most important for carbon, nutrient, and contaminant transformations is a significant challenge. The hydrologic exchange fluxes, storage-zone sizes, and residence times vary enormously from 1 m to the next and are not directly measureable at large spatial scales. Biogeochemical reactions in shallow hyporheic flow paths through streambeds are generally found to be more significant than in deeper hyporheic flow paths [Briggs et al., 2013a; Harvey et al., 2013] . However, the relative importance of microbial reactions occurring in hyporheic zones compared with near-stream riparian areas [Wollheim et al., 2014; Roley et al., 2012a] , and lateral hyporheic flow paths through gravel bars and meanders [Pinay et al., 2009; Zarnetske et al., 2011] , or in deeper mixing zones where groundwater discharge first encounters hyporheic flow paths [Kennedy et al., 2009] is not well understood.
Including Hydrologic Exchange in River Network Water Quality Models
Many models of water quality in river networks track the fate of N-based fertilizers and evaluate instream removal processes affecting nitrogen delivery to coastal waters [Alexander et al., 2000] . Typically an empirical approach is used that assumes a proportionality between the rate of removal and the river volume, which is supported by data showing an inverse relationship between a reaction rate constant k and the river depth h. Usually, the universe relationship is interpreted to mean that, despite their size, small streams account for most removal of nitrogen in the stream network. The reasoning is that the shallower depth of small streams keeps surface water in closer contact with reactive bed sediments compared to larger streams and rivers. Small streams have an efficient ratio of streambed surface area to stream volume, and they dominate in stream length within watersheds [Alexander et al., 2000] , but nonetheless there is evidence that larger rivers are also efficient processors of nitrogen [Wollheim et al., 2006; Ensign and Doyle, 2006] . Seasonally varying flow conditions are also important, as shown by Basu et al. [2011] and B€ ohlke et al. [2009] . However, there are also complex and unexplained seasonal influences on nitrogen removal in river networks. In summary, patterns of regional water quality in river networks have been identified but not fully explained. More understanding is needed of the contribution made by hydrologic exchange flows in storing waters in contact with biogeochemical reaction hot spots [Raymond et al., 2015; McClain et al., 2003] .
The role of hydrologic exchange fluxes is not explicitly considered in most river network models of water quality. How do the effects of these small-scale reaction zones accumulate in river networks ? Findlay [1995] hypothesized that hydrogeomorphic factors that drive hydrologic exchange flows, and that control the amount of river water contact with reactive sediments, vary more than the intrinsic rates of the biogeochemical reactions. If true, different basins with contrasting types of hydrologic exchange flows would be expected to produce vastly different outcomes for water quality if all other factors were equal. Harvey et al. [2013] and Harvey and Fuller [1998] formalized the relationship between hydrologic and biogeochemical factors that determine downstream water quality in a Reaction Significance Factor (RSF). RSF is dimensionless index that quantifies the cumulative trade-offs between flux, residence time, and intrinsic reaction rate in a given type of hydrologic exchange zone and its influence on downstream water quality. The index
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works by combining the effects of hydrology and biogeochemistry at both the local scale and also cumulatively at the river basin scale. The local factors are represented by the residence time and intrinsic reaction rate in an individual pathway of exchange (y axis in Figure 8) , and large-scale controls are represented by the extent of river water turnover through all the similar exchange zones over a given distance of river transport (x axis in Figure 8 ). The resulting isolines in Figure 8 have increasing values of RSF toward the upper right, with values denoting the fraction of the reactant removed per characteristic (dimensionless) distance traveled in the stream.
RSF is a useful metric for specifying why some types of hydrologic exchange zones are more effective biogeochemical reactors than others in terms of their cumulative effects on downstream water quality. For example, Gomez-Velez and used RSF to conclude that, in most large river networks, vertical hyporheic exchange flow beneath river bedforms should be more efficient in enhancing denitrification compared with lateral hyporheic flow paths through gravel bars and meanders. The reason is that vertical exchange through river beds has a more favorable balance between the typical intrinsic time scale of denitrification and the residence time of hyporheic flow, which makes leads those exchange zones efficient processors for removing N from river water compared with less efficient processing in lateral hyporheic flow paths where too little river water is exchanged. Similar reasoning could help quantify hot spots for biogeochemical reactions [e.g., McClain et al., 2003 ] in a variety of river environments including aquatic respiration of organic matter and denitrification within algal layers on and just beneath the streambed surface [Haggerty et al., 2009; Gooseff et al., 2004] or in shallow streambed hyporheic zones where denitrification occurs , and where metal contaminants from mining sites are oxidized and sorbed ]. Roley et al. [2012a] and Wollheim et al. [2014] and Jones et al. [2014] and Scott et al. [2014] explored similar concepts controlling N removal in riparian zones and floodplains, respectively, and those studies are beginning to reveal the cumulative effects of reactive transformations where rising waters expand hydrologic exchange and increase contact with the highly reactive sediments along the margins of river corridors.
Relation to Hydrologic Management, Aquatic Ecosystem Function, and Societal Value
The form and function of river corridors, and their future state, will be determined by many combined interacting processes. Management of water resources is accelerating changes in hydrologic connectivity Figure 8 . The cumulative effects of biogeochemical reactions in river corridors may be reaction limited, if the exchange is rapid relative to the reaction time scale and turnover of river water through exchange flow paths is fast. Alternatively, if the exchange time scale is slow relative to the reaction rate, the reaction is completed long before the water returns from the exchange zone to the river, for which reaction is transport limited and processing of river water through exchange zones is inefficient. These combined effects are expressed by a dimensionless reaction significance factor, RSF, where isolines have increasing values of RSF toward the upper right denoting the fraction of the reactant removed per characteristic (dimensionless) distance traveled in the stream (modified from Harvey et al. [2013] ).
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of river corridors through the dramatic effects imposed by agriculture, animal grazing in riparian areas, and urbanization effects that alter carbon and nutrient inputs and erosion patterns and sediment supply, as well as impose flow restrictions through dam regulation that move away from naturally varying flows. Predicting future states for water quality or ecology in river corridors, and how to target improvements through prioritizing management actions or restoration is still in its infancy. A simple example emphasizes interactions between stream overfertilization with nutrients that supports overproduction of periphyton and algae and movement of fine decaying organic particles that increases oxygen uptake and aerobic decomposition of organic matter in sediments. Such a simple process has far reaching effects on both sides of the surface-subsurface interface, causing anaerobic conditions in the near-river subsurface that leads to reductive dissolution of manganese and iron oxyhydroxides that release sorbed trace metals such as cadmium that can enter the drinking water supply when pumping occurs in alluvial aquifers. An unexpected consequence of removing phosphorus from detergent nearly forty years ago was a reversal of overfertilization in some rivers that reversed anaerobic conditions, returning the geochemical power of oxyhydroxide coatings on alluvial sediments to sorb trace metals and improve water quality [Von Gunten and Lienert, 1993] . Another example is the sealing of streambeds, termed streambed colmation, which can become a major problem where the positive feedbacks described above increasingly isolate the wetted channel from its streambed sediments [Brunke, 1999; Velickovic, 2005] . This and other geo-bio-morphodynamic processes may ultimately determine the trajectory of form and function in river corridors as they respond to land use and climate changes. However, the divided opinion of the Supreme Court created a situation without a standard and practical test of significant nexus, which has proven to be a burden to landowners and regulators alike. Meanwhile there is greater recognition that the physical, chemical, and biological integrities of rivers, in particular, are indeed dependent upon processes that occur beyond the channel margins; that the river corridor functions as an integrated system including both terrestrial and aquatic domains. In particular, the near-stream environment, including hyporheic zones, riparian zones, and wetlands, may come to be regulated under the Clean Water Act due to their clear relationship with the physical, chemical, and biological integrity of traditionally regulated waters. There remain challenges to explicit measures that define connectivity among water bodies, though it is reasonable to consider that most water bodies are all connected, whether by biological movement (e.g., waterfowl, amphibian use of different water bodies for different life stages), or hydrologic connection (e.g., groundwater flow paths), that could be described by a gradient approach with a relative scale of the strength of the connection until improved methods are available [e.g., Larsen et al., 2012] .
A fully functioning river corridor that has intact riparian habitats, river and floodplain morphologies, with enough complexity to host an array of river exchanges with marginal surface and subsurface waters is important to providing ecosystem services, especially good water quality. We tend to focus on the aesthetics of river corridors to judge whether it is impaired or not. However, even an aesthetically
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pleasing river corridor may not host all of the hydrologic exchange flows that underpin critical ecosystem functions and services. The most important exchanges are not always happening, and understanding what controls their intermittency is important. Other exchanges may be going on all of the time but may be invisible to casual inspection and therefore require targeted study. However, the converse statement is also true -river exchanges with marginal surface and subsurface waters alone are not likely to be the sole determinant or salvation of river corridor function. However, their underpinning across these ecosystems and ecotones is critical to many of the important ecosystem and water quality functions and services described above.
Summary and Prospectus
Rivers are a small fraction of the landscape, yet because of the connections beyond the main channel, they transform substantial amounts of solutes and energy-rich materials at rates that are disproportionately high relative to their aerial extent. The science of river corridors has advanced significantly over the past 50 years and has seen a broadening of views beyond the channel margins. Streams and rivers no longer are viewed as drains and transport is no longer modeled as if it occurred simply in rectangular or trapezoidal channels with boundaries that are impermeable and that are never overtopped. There have been tremendous strides in measuring and modeling hydrologic exchange flows of all types, including surface exchange with deep pools and marginal side cavities and hyporheic exchange, as well as the biogeochemical implications of expanding contact with hyporheic, riparian, and floodplain sediments during floods. Most studies have focused on small scales revealing the processes controlling hydrologic exchange flows at the scale of individual geomorphic units, e.g., sand ripples, gravel bar, pool and riffle, wood debris features, crevasse splays, and floodplain flow paths, etc. Simple and useful physically based equations have been advanced within the pages of WRR and verified against detailed field measurements at all of those scales, often showing order of magnitude accuracy or better in predictions based on a few key physical measurements.
The end users of river corridor science ultimately need predictions at watershed scales rather than at the scale of individual geomorphic units or short river reaches. Yet most of the empirical observations are from reach-scale tracer tests or studies on the scale of individual geomorphic units. As a consequence, little is known about how hydrologic exchange fluxes scale in river networks. Some theoretical and experimental analyses indicate power law scaling [W€ orman et al., 2007; Haggerty et al., 2002] , while a broad analysis of tracer experimental observations [Gonz alez-Pinz on et al., 2013] suggests that the extent of delayed transport caused by hydrologic exchange fluxes is persistent through river reaches, and does not grow or shrink appreciably with river size or transport time. The empirical tracer results may be consistent with physically based modeling of transport through river networks [Bellin et al., 2015; Gomez-Velez and Harvey, 2014] , suggesting dominance of hydrologic exchange flows by smaller geomorphic features. Predictive modeling of hydrologic exchange flows at the regional scale is only just beginning however. Scaling hydrologic exchange fluxes for use in predictive water quality models in large basins is sure to be an important forefront for research.
At the river network scale the key physical measurements are often sparse or lacking, including channel geometry, grain size, bank height, and bedform types and sizes. How to build scaling relationships from sparse data for analyzing transport in large basins is increasingly a subject of debate. A starting point is available in decades of work to specify channel hydraulic geometry relations. To be sure, data sets for hydraulic geometry analysis are expanding and being integrated with data sets on channel sinuosity, grain size, and dye tracer tests, and analysis is underway to integrate estimates across base flow to bankfull conditions, and flooding, in large basins. Of course prediction is more difficult at larger scales because exchanges with multiple scales of geomorphic units interact to affect transport and water quality, and on the groundbased observations are limited in large basins. Merck et al. [2012] , McKean et al. [2014] , and Marzadri et al.
[2014] offer important examples of large-scale estimation of exchange flows using combinations of groundbased and airborne observations. Hydrologists will increasingly need to rely on airborne thermal imaging and satellite data to answer river network-scale questions involving exchange flows [Dugdale et al., 2015; Alsdorf et al., 2007] . Airborne and satellite hydrology offers abundant opportunities to not only estimate discharge from space, but also better constrain the channel conditions that trigger hydrologic exchanges with off-channel environments.
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Both aquatic and terrestrial scientists have come to appreciate how lateral exchanges of water affect movement of material and energy between rivers and floodplains. Many of the hydrologic advances in the understanding of exchange flows and related implications for solute transport and fate have been extensively published in Water Resources Research. We fully expect that existing conceptual models of river corridors will continue to evolve, and thereby provide new opportunities for developing insightful numerical models and predictions of the controls on locations and times of rapid biogeochemical cycling-i.e., hot spots and hot moments. These advances will continue to better inform management and policy decisions regarding the dynamic equilibrium of river corridors, for the benefit of resident ecosystems and ecosystem services provided. The need for better hydrogeomorphic information and modeling of hydrologic exchange processes is keenly felt, from evaluating the effectiveness of river and watershed management practices all the way to clarifying regulatory authority under the Clean Water Act.
